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Abstract
Synoptic-study measurements of unsteady streamflow and dye concentrations were collected on a 49.4-mile reach of the Fox River in southeastern Wisconsin and northeastern Illinois in October and November 1990. The study area included the Fox River and its major tributaries from Wilmot, Wis., downstream to South Elgin, 111. The measurements were obtained to verify a one-dimensional, unsteady-flow model of the river system. Unsteady-flow conditions were created through operation of flow-control structures at Stratton Dam near McHenry, 111. On November 1, 1990 , dam gate openings were decreased to 0.1 foot. Openings remained at 0.1 foot until low flow was established throughout the reach. On November 5, the gate openings were increased to 2.5 feet. The change in gate openings created unsteady-flow conditions by allowing flow through the gates to increase from about 60-80 cubic feet per second to about 1,600 cubic feet per second.
During the study period, discharge was computed continuously from stage records with stage-discharge relations at 7 stations on the Fox River and its tributaries; discharge was measured at 15 additional stations in the basin. Stage was recorded continuously at 15 stations in the basin (11 stations on the Fox River and 4 stations on the Fox River tributaries); stage was measured periodically at 8 additional stations on the Fox River.
Fluorescent dye was injected continuously at Stratton Dam from November 2-8, 1990, during the unsteady flow to measure time-and spaceintegrated characteristics of the velocity flow field. Water samples were collected for fluorometric analysis at 18 sites downstream from the injection.
INTRODUCTION
Unsteady-flow models are a mathematical representation of physical laws affecting streamflow. The models can be applied to particular hydraulic and boundary conditions to simulate streamflow events. The models can simulate a wide range of flow conditions including flood flows, tidal flows, and regulated flows. Calibration and verification of these models using field data are needed to ensure the accuracy of the model results (Schaffranek, 1989) . Extensive data sets are vital for calibration and verification of a model. The U.S. Geological Survey (USGS) in cooperation with the Illinois Department of Transportation, Division of Water Resources (DWR), and Du Page County, Department of Environmental Concerns (hereafter referred to as "Du Page County") completed a study in November 1990 to collect the data needed for the model. This data set was collected to augment hydraulic data and data from USGS long-term continuous-record gaging stations for the Fox River in northeastern Illinois. The hydraulic data, which includes the geometry of channel cross sections, estimates of Manning's roughness coefficients, and geometry of flow-control structures, were obtained from DWR. The long-term continuous-record stations are run independent of this synoptic study by the USGS and provide streamflow data that would normally be available for the study area.
The data presented in this report can be combined with the hydraulic and long-term continuousrecord station data to test the one-dimensional, unsteady-flow model-Full Equations Hydraulic Routing Model (FEQ) (D.D. Franz, Linsley, Kraeger and Associates; and C.S. Melching, U.S. Geological Survey, written commun., 1992) . FEQ is based on a full dynamic wave formulation that accounts for nonuniform, unsteady, and inertia components of flow. This formulation is needed to accurately describe flow in low-gradient channels, flow into large reservoirs, highly unsteady dam-break flood waves, or reversing flows (Viessman and others, 1989, p. 253) .
The Fox River in northeastern Illinois was chosen for a synoptic data collection because of the available hydraulic and continuous-record station data and the ability to control flow by operation of the sluice gates at Stratton Dam. Gate openings were decreased to 0.1 ft for November 1 -4,1990 , to establish low flow throughout the study reach. Gate openings were increased to 2.5 ft on November 5. This rapid increase in gate openings caused an unsteady-flow transition to high-flow conditions. Detailed data were collected on the Fox River and its tributaries during this unstable period and are presented in this report. Recorded streamflow data are provided on the diskette accompanying this report. The data from the event can be compared to flowmodel simulations of the event to verify the accuracy of the application of FEQ to the Fox River.
Purpose and Scope
The purpose of this report is to document the data collected for the Fox River in northeastern Illinois during a synoptic study from October 31 through November 10, 1990. This report describes the study area, the methods for selecting sites for data collection, and the methods for collecting data. The report also serves to describe, summarize, and archive the synoptic data used for the verification of a one-dimensional, unsteady-flow model. The data are especially useful for verifying hysteresis in the stage-discharge relation, reverse flow, and flow through control structures as modeled by a one-dimensional, unsteady-flow model.
Description of the Study Area
The headwaters of the Fox River lie about 15 mi northwest of Milwaukee in Waukesha County, Wis. From its source, the river flows south to the Illinois-Wisconsin border and then south through the Chain O' Lakes. Just south of Aurora, 111., the Fox River flows southwesterly and drains into the Illinois River near Ottawa, 111. (Leighton and others, 1948) . The Fox River drains approximately 2,658 mi2 and is a major tributary to the Illinois River ( fig. 1) .
The total length of the Fox River is 185 mi with the reach of the Fox River studied beginning downstream from the dam at Wilmot, Wis., at river mile 114.8, and ending 49.4 mi downstream at river mile 67.2 in South Elgin, 111. (Healy, 1979, p. 181-206) .
The total fall of the river-bed elevation from source to mouth is 470 ft (U.S. Army Corps of Engineers, 1976, p. 2-8) . The fall in the study reach is approximately 45 ft. The majority of the fall in the reach, approximately 30 ft, is in the 14.4-mi reach from Algonquin to South Elgin ( fig. 2 ).
In the upper region of the basin, above the Chain O' Lakes, the Fox River is a slow, shallow, winding stream. Its width ranges from 50 to 200 ft with well defined banks. From the lakes to Algonquin, the river channel is poorly defined with low banks and wide flood plains. From Algonquin to South Elgin and downstream to Ottawa, the channel becomes straighter and the current more swift. The average width of the river varies from 300 to 400 ft in this reach (Leighton and others, 1948) .
At Fox River at Algonquin, the annual mean flow for the 1991 water year was 1,038 ft3/s. The November mean flow for water years 1916-91 is 775 ft3/s (Richards and others, 1992, p. 247) .
Climate in the study area is humid continental, with warm to hot summers and cold winters. The mean annual temperature in the basin is 50°F. Mean monthly temperatures vary from a minimum temperature of 25°F in January to a maximum of 75°F in July. Mean annual precipitation is approximately 35 in. (Wendland and others, 1992 McHenry ( fig. 1 ). The control structures at the dam consist of a navigation lock, five sluice gates, a fish ladder, and a spillway ( fig. 3 ).
Each sluice gate is 13.75 ft wide and can be raised to create a maximum gate opening of 9.0 ft. The design of the gates allows flow under the gate. Flow does not go over the top of the gates (fig. 4) . The sill on which the closed gates rest is at an elevation of 731.15 ft above sea level. From April through October, the gates are set to maintain a headwater-pool stage of 4.00 ft (737.0 ft above sea level). During November of each year, the sluice gates are gradually adjusted to lower the headwater-pool stage to 2.5 ft (735.5 ft above sea level). This lower headwater-pool stage allows storage for flood control during spring runoff (Fisk, 1988) . During low flows, discharge measurements are made by wading downstream from the gates. During medium and high flows, boat discharge measurements are made upstream from the gates ( fig. 3 ).
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DATA-COLLECTION DESIGN
An integrated design for the control of the gates at Stratton Dam, injection of the dye, and collection of all data were based on preliminary simulation of the Fox River using the FEQ model coupled with the Branched Lagrangian Transport Model (BLTM) (Jobson and Schoellhamer, 1987) . The proposed release schedule for the dam was simulated with a partially calibrated FEQ model of the Fox River to estimate the timing of the low-flow recession, the time for steady-state low flow to be established in the study reach, and the time for the high-flow wave to reach various locations. Transport modeling was used to indicate the amount of dye needed and the rate of dye injection at Stratton Dam for detectable concentrations at downstream sites and a maximum concentration of 10 |ig/L at the intakes to the Elgin water-treatment facility (Kilpatrick and Wilson, 1989) .
The simulated wave generated at Stratton Dam was analyzed to identify locations of reverse flow and hysteresis of the stage-discharge relation throughout the study reach. From the preliminary model simulation, a tentative schedule for the location and timing of measurements and samples during the synoptic study could be prepared. Based on the preliminary simulations, continuous-record stage gages were installed at four sites in the study reach. These stations, referred to as study stations, were Fox River near Gary, Fox River at Huntley Road at Carpentersville, a tailwater gage at Fox River at Algonquin, and a headwater and tailwater gage at the dam at Fox River at Lawrence Avenue at Elgin. The synoptic data from these stations can be used to assess the model analysis of hysteresis in the stage-discharge relation, backwater, and flow through control structures.
Detailed data were collected on the Fox River and its tributaries during this unsteady-flow period to allow for the evaluation of the FEQ analysis of unsteady flow, especially hysteresis in the stagedischarge relation, reverse flow, and flow through complex structures. Streamflow and dye data to describe the unsteady flow were collected at 36 sites in the study reach (table 1, fig. 5 ). Discharge measurements were made at several sites on the Fox River and its tributaries. Stage measurements, made manually or recorded continuously, were taken at several additional sites on the Fox River. Dye samples also were collected at various sites on the Fox River.
DATA-COLLLECTION METHODS AND DATA SUMMARY
Operations at Stratton Dam are primarily intended to enhance recreational opportunities and mitigate flood events on the Fox River. During this study, operations were modified to create flow conditions to test an unsteady-flow model yet minimize any adverse effect on area residents and boaters. Thus, Stratum Dam gate openings were decreased in the fall drawdown when low water levels are expected. The normally low levels also meant that when greater flows were allowed through the gates, flow remained within the banks of the river.
On November 1 at 1055 hours, the gate openings at Stratum Dam were decreased to 0.1 ft to reduce the flow through the gates to about 60-80 ft3/s. A semiconstant rate dye injection began at 1432 hours on November 2, during the low-flow period, and continued through the high-flow period until 1400 hours on November 8. On November 5 at 1350 hours, after the low flow became established throughout the reach, the gate openings were increased to 2.5 ft. Increasing the openings created a peak flow of about 1,600 ft3/s through the gates. Continuous stage and the flow measurements at Stratum Dam at Fox River near McHenry for the study period are shown in figure 6 .
Detailed streamflow data were collected on the Fox River and its tributaries during the study in order to thoroughly describe flow characteristics. On October 31, 1990, crews began making discharge measurements on the Fox River and its tributaries. Streamflow was measured at nine stations on the Fox River and at seven stations on its tributaries. Intensive discharge measurements were made at Fox River at Johnsburg (map number 7) and Fox River near Gary (map number 16) where preliminary modeling indicated reverse flow or hysteresis of the stage-discharge relation. Data collected at these stations can be used to verify an unsteady-flow model analysis of reverse flow or hysteresis of the stage-discharge relation. At Fox River at Huntley Road at Carpentersville (map number 27), the detailed streamflow measurements can verify the unique stage-discharge relation developed in unsteady-flow model simulation.
Streamflow
Stage data were collected at 12 stream-and 3 lake-gaging stations in the Fox River Basin. Nine of the stream-gaging stations are long-term continuousrecord stations and three are study stations, with an additional study station tailwater gage at Fox River at Algonquin (map number 23). At the stream-gaging stations, stage measurements were obtained at 15-minute intervals; at lake-gaging stations, stage measurements were obtained at 1-hour intervals using automated sensors and recorders. Seven of the twelve stream-gaging stations have a rated stagedischarge relation. Crews made measurements of discharge using current meters at the three study stations periodically throughout the study. Recorded stage and discharge at all gaging stations for the study period are on the diskette accompanying this report.
Several other stations on the Fox River (table 3) and its tributaries (table 4) were measured periodically for discharge. Tape downs from reference points of known elevations and staff-gage readings were made for calculation of stage at eight additional stations as often as feasible (table 5) (tables at end of report).
Preliminary modeling indicated that reverse flow would occur at Fox River at Johnsburg (map number 7) just after the gate openings at Stratton Dam were decreased on November 1, 1990 . Two crews made eight discharge measurements during a 5-hour period before, during, and after the gate openings were decreased to 0.1 ft in order to measure the reverse flow. The reduced and bidirectional flow velocities over a large cross-sectional area during the low-flow period were not favorable for measuring the flow using conventional current meters. Current meters were used, however, in an effort to obtain a minimal description of the flow. Discharge measurements and 15-minute interval stage data for Fox River at Johnsburg are shown in figure 7.
Preliminary model simulations indicated hysteresis in the stage-discharge relation at Fox River near Gary (map number 16). Crews made intensive discharge and stage measurements just upstream from this site at Fox River at Fox River Valley Gardens (map number 15) during the periods of varying flow in order to obtain a detailed description of the flow during the rising and falling limbs of the stage hydrograph. A series of 34 flow measurements were made at Fox River at Fox River Valley Gardens during the synoptic period (table 3) . Again, the measurement conditions were poor. The discharge measurements and corresponding measured stages are shown consecutively in figure 8.
Twenty-three discharge measurements were made at Fox River at Huntley Road at Carpentersville (map number 27), where preliminary model simulations indicated a unique stage-discharge relation, during the synoptic study and are shown with recorded stage in figure 9 . The measurements are shown consecutively, as were the measurements at Fox River at Fox River Valley Gardens (map number 15), in order to illustrate the unique stage-discharge relation despite unsteady flow.
The downstream boundary of the study reach is Fox River at South Elgin (map number 36). The recorded headwater and tailwater stages and rated discharge are shown in figure 10.
Dye-Injection Test
A dye study using a semiconstant-rate dye injection was combined with the unsteady-streamflow analysis to determine time-and space-integrated velocity flow fields and time of travel and travel transport rate of waterborne solutes in the study reach. An environmentally safe fluorescent dye, rhodamine WT20, was injected from two points at Stratton Dam. An initial slug of the dye, consisting of dye container rinse of unknown volume and concentration, was injected at Stratton Dam on November 2 at 1432 hours. The slug injection served only as an initial indicator of dye passage. The slug injection was immediately followed by a fairly constant-rate injection at the second and fourth sluice gates of the dam, to be continued throughout the study and ended with a final slug injection, again container rinse.
The dye, in a 20-percent solution (2 x 108 ug/L), was mixed with distilled water to make an injection solution with a concentration of 9.386 x 107 |Lig/L, determined using fluorometric laboratory techniques (Wilson and others, 1986) . Two battery-operated, constant-rate, positive-displacement pumps withdrew dye at a combined rate of about 30 mL/min from the tank for injection to the stream. During periods when one of the pumps malfunctioned, the other pump rate was increased to keep the injection rate as constant as possible. Injection rate was measured volumetrically by noting the volume in the dye tank from which the pumps drew. The flow from each pump was also measured periodically by collecting the flow in a graduated cylinder over a 10-minute period. On November 6 at 0852 hours, both pumps were found stopped. An injection stop time was estimated based on the last measured injection rate and the volume of dye remaining in the tank. On November 4 at 1540 hours, more dye and distilled water were added to the tank resulting in a solution with a laboratory-determined concentration of 9.497 x 107 |lg/L. On November 6, dye was added forming a solution with a concentration of 1.621 x 108 |lg/L. The injection rates and concentrations for the synoptic period are in table 2.
Collection of water samples at 18 sites downstream from the dye injection, for concentration determination by fluorescence, generally began just before the initial dye injection and continued through November 10. The methods of collection used were grab sampling and two types of automated sampling.
Grab samples were collected by dipping a 40-mL glass sample bottle into the flow near the water surface. Where feasible, samples were collected at several points in a cross section. Collection across the cross section helped determine if mixing of the dye was complete. Grab samples were collected at 14 sites within the reach at varying time intervals. At sites where crews were making discharge measurements, grab samples were collected as often as every 2 hours. Other grab dye sites had sample collection approximately twice per day.
Two sites, Fox River at Burtons Bridge (map number 13) and Fox River at Fox River Grove (map number 20) ( fig. 5 ), were equipped with automatic pumping samplers. The sampler was placed on the streambank with the intake placed as near the center of flow as possible. A sample was collected approximately every 2 hours near the bed of the river. The automatic pumping samplers were serviced periodically by collecting stored samples and reloading the sampler with fresh collection bottles. The equipment was also checked for any malfunctions. The samples collected from November 5 at 1800 hours to November 6 at 2000 hours at Fox River at Fox River Grove were contaminated. The sampler was swamped, allowing for the samples to intermix and be diluted.
Dye boats were anchored near the center of flow at Fox River at river mile 93.5 at Burtons Bridge (map number 14) and Fox River at river mile 89.5 above Fox River Grove (map number 18). The boats used were spring-loaded automatic samplers (Kilpatrick and Wilson, 1982 ) that drew one sample from near the water surface approximately every 2.5 hours. The boats were serviced periodically throughout the synoptic study. On the afternoon of November 3 through the morning of November 5, the samples from the dye boat samplers were lost. Any measured dye samples during that period were manually collected. On November 6-7, the boat sampler at river mile 89.5 above Fox River Grove (map number 18) malfunctioned and samples were not collected.
The fluorescence of the samples was measured at the USGS laboratory in the District office in Urbana, 111. Some samples were analyzed for fluorescence in the field as a rough check of data-collection activities. Samples suspected to be contaminated were discarded. A Turner Designs model 10' fluorometer was used with a rhodamine WT accessory kit containing the lamps and filters necessary for analysis of dye concentration in stream samples. The fluorometer was calibrated with standards prepared from the concentrated dye (20-percent stock solution). Fluorescence was converted to dye concentration in micrograms per liter based on the prepared stock standards. Dye concentrations at selected sites are presented in table 6 (at end of report) and figures 11-18.
Concentrations of each injection solution were analyzed based on injection standards prepared from each solution. The injection standards were prepared in 0.5, 1,2,5, 10,50, and 100 ^ig/L solutions and compared to the standards prepared from the concentrated dye solution.
DATA ARCHIVE
Files of unit-value stage and discharge data collected for this study are provided in a compressed format on a high-density diskette. The files were retrieved from the Automated Data Processing System (ADAPS), a State stream information data base maintained in the Illinois District of the USGS. The diskette can be read using an IBM compatible microcomputer running MS-DOS operating system. Individual compressed files reside together in a library file named DAT90.EXE. The decompressed files require approximately 7 megabytes of disk space. Table 7 (at end of report) shows the data files of the library and characteristics of each data file.
LHarc, version 1.13c (Yoshizaki, 1989) , was used to compress the data files into a self-extracting library. The program and documentation may be obtained by copying 'LH113C.EXE' to any directory on the hard disk, typing 'LH113C', and pressing the enter key. The compression-decompression program is copyrighted by Haruyasu Yoshizaki. Permission to copy is granted freely provided that all copies contain 'Use of brand and trade names in this report is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey. the statement "copyrighted by Haruyasu Yoshizaki" (Mitten and Londquist, 1991) .
The contents of DAT90.EXE can be extracted by copying DAT90.EXE to a subdirectory on the hard disk, typing 'DAT90' in that subdirectory, and pressing the enter key. The files will be decompressed into their original form according to the American International Standard Code for Information Interchange (ASCII).
SUMMARY
Unsteady-flow data were collected on the Fox River in southeastern Wisconsin and northeastern Illinois for the period October 31-November 10,1990. Stage and streamflow on a 49.4-mile study reach of the Fox River and its tributaries were measured during a controlled unsteady-flow period. Fluorescent dye was injected throughout the period, and water samples were collected downstream from the injection site.
Locations of new study gaging stations to augment long-term continuous-record gaging stations were established based on preliminary model simulation of the flow conditions expected during the synoptic study. Streamflow data were collected to investigate stage-discharge relations at the study stations and to verify a one-dimensional, unsteady-flow model. Stage was monitored continuously at 11 Fox River stations and 4 tributary stations. Eight stations on the Fox River had periodic stage measurements. Discharge data were collected by either a current-meter measurement or, at continuous-record stations, indirectly by use of a stage-discharge relation. Discharge measurements were made at eight stations on the Fox River and seven stations on its tributaries. Dye samples were collected at 18 sites on the Fox River; 14 grab-sample collection sites, 2 dye-boat collection sites, and 2 automatic-pumping-sampler collection sites. The samples were analyzed for fluorescence, and dye concentrations were calculated.
Continuous streamflow data during the synoptic study for gaging stations are provided on the diskette accompanying this report. TABLES 3-7 
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